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A PARAMETRIC STUDY OF PEO-BASED  
THERMOPLASTIC POLYURETHANE SILICA NANOCOMPOSITES 
SUMMARY 
Recently, silica filled thermoplastic polyurethanes have gained great interest due to 
their majestic properties, which arise from the synergism between the properties of 
the main components and their unique interfacial characteristics. A comprehensive 
understanding of these materials is crucial for developing high-performance polymer 
nanostructured multi-phase systems. While familiar characterization techniques give 
chance to investigate the nature of these materials, statistical design tools offer a 
different approach to conceive the constitution of multicomponent polymer systems. 
Integrated use of these techniques and tools can make these materials better. This 
study is an effort to find out how the system can be defined both as statistically and 
experimentally. 
 
Poly(ethylene oxide) based thermoplastic polyurethanes/silica nanocomposites were 
chosen as a polymer nanostructured multi-phase system. Box-Behnken Design tool 
was considered for multivariate analysis of experiments. As the main parameters, the 
soft segment molecular weight, filler content and size were pre-selected. Because of 
their effects on the polymer filler interaction was clearly observed by chemical and 
morphological analysis. The nanocomposite films having various soft segment 
molecular weight, filler content and size were prepared by solution casting method at 
critical design points.  
 
Furthermore, thermal and mechanical analysis were performed for each design point 
in order to investigate the responses such as soft segment crystallinity, rigid 
amorphous fraction, tensile strength and elongation at break. The surrogate models 
were created by the analysis of variance for each response. All responses were 
initially fit to a second order polynomial function that was followed by the sequential 
elimination of „least significant‟ factors. The model fit quality was presented in 
actual vs prediction plots. The individual and interactive effects of parameters were 
reported by the statistical expressions for each response. The physical meaning of the 
individual and interactive effects of parameters were explained in accordance with 
the experimental results.  
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PEO BAZLI TERMOPLASTĠK POLĠÜRETAN SĠLĠKA 
NANOKOMPOZĠTLERĠ HAKKINDA PARAMETRĠK BĠR ÇALIġMA 
ÖZET 
Silika takviyeli termoplastik poliüretan elastomerler, ana bileşenlerinin arayüzey 
karakteristikleri ve birbirleri üzerindeki sinerjetik etkiden kaynaklanan eşsiz 
özelliklerinden dolayı, son yıllarda bilim ve teknoloji dünyasında büyük ilgi 
görmektedir. Söz konusu malzemelerin kapsamlı bir biçimde incelenmesi, yüksek 
performans gösteren çok fazlı polimerik malzemelerin geliştirilmesi açısından hayati 
önem taşımaktadır.  
 
Günümüzde yaygın olarak kullanılan karakterizasyon yöntemleri, çok fazlı polimerik 
malzemelerin incelemesine imkan tanırken, bu alandaki deneylerin belirli bir dizayn 
ve analiz yöntemiyle gerçekleştirilmesi sistemin daha iyi kavranmasına yönelik farklı 
bir bakış açısı sunmaktadır. Söz konusu karakterizasyon yöntemleri ve dizayn 
araçlarının entegre bir sistem olarak kullanılması, çok fazlı polimerik malzemelerin 
doğasını anlamaya yönelik önemli bir adımdır. Bu sayede söz konusu malzemelerin 
performansı daha da fazla arttırılabilir.  
 
Bu tez çalışması çok fazlı polimerik sistemlere bir örnek olarak silika takviyeli 
polietilen oksit bazlı termoplastik poliüretan elastomerlerin doğasını anlamaya 
yönelik parametrik bir incelemeyi ihtiva etmektedir. Söz konusu çalışmada, 
deneylerin parametrik analizi için Box-Behnken dizayn yöntemi düşünülmüştür.  
 
Bilindiği üzere, tüm çok fazlı polimerik sistemlerde olduğu gibi silika takviyeli 
polietilen oksit bazlı termoplastik poliüretan elastomerlerinde de polimer-dolgu 
arayüzey etkileşimi incelenmesi gereken en önemli nokta olarak göze çarpmaktadır. 
Bu nedenle söz konusu çalışmada dizayn parametreleri olarak, polimer-dolgu 
arayüzey etkileşimi üzerindeki etkileri kimyasal ve morfolojik analizler ile 
belirlenmiş, yumuşak kısım molekül ağırlığı, dolgu oranı ve boyutu, söz konusu 
dizayn çerçevesinde ana parametreler olarak belirlenmiştir. Buradan yola çıkarak, 
kritik dizayn noktalarındaki incelemeleri gerçekleştirebilmek için, farklı boyut ve 
oranlarda silika dolgu içeren, üç farklı yumuşak kısım molekül ağırlığına sahip 
polietilen oksit bazlı termoplastik poliüretan elastomerler çözeltiden döküm  
(solution casting) yöntemi ile hazırlanmıştır. Malzemelerin performansını belirleyen 
yumuşak kısım kristalinitesi, immobilize yumuşak kısım oranı, kopma mukavemeti 
ve uzaması, her bir kritik dizayn noktası için termal ve mekanik analizler ile 
belirlenmiştir. Buradan hareketle her bir çıktı (response) için varyans analizi yöntemi 
ile temsili modeller oluşturulmuştur. Her bir çıktı ikinci dereceden bir polinom 
fonksiyonuna uygun halde formülize edilmiş ve parametrelerin her bir çıktı 
üzerindeki etkileri matematiksel olarak ayrı ayrı ifade edilmiştir. 
 
xxii 
 
Söz konusu matematiksel ifadelerle parametrelerin çıktılar üzerindeki bireysel 
etkilerinin yanısıra, sistem üzerindeki interaktif etkileri de saptanmıştır. Yapılan 
deneysel incelemeler ile formülasyonda yer alan etkiler ayrıntılı olarak incelenmiş ve 
fiziksel olarak ifade edilmiştir. Sonuç olarak, deney sonuçlarının temsili modeller ile 
uyumlu olduğu tespit edilmiştir. Bu durum, çok fazlı polimerik sistemler için bir 
örnek teşkil eden silika takviyeli polietilen oksit bazlı termoplastik poliüretan 
elastomerlerinin spesifik uygulamalar için optimize edildiğinde, gerekli yüksek 
performanslı malzeme ihtiyacına cevap verebileceğini göstermektedir.  
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1.  INTRODUCTION 
Multicomponent polymer systems find a wide range of applications in each phase of 
our day-to-day life. Continued research has resulted in the development of super 
performing nanostructured polymeric materials. The new emerging fields of nano-
composites have put forward many challenging opportunities for the use of these 
smart materials. Polymer physicists, chemists, engineers and technologists show 
great interest in new strategies for developing high-performance multicomponent 
systems. Recently, polymer nanostructured multiphase systems have gained much 
interest due to their unique properties. Characterization of the interphase, physical 
properties and thermophysical properties are crucial for the understanding of the 
behavior of these smart materials. A comprehensive understanding of these materials 
is vital for the industrial use of these materials. 
Multiphase polymer systems are characterized by the simultaneous presence of 
several phases, the two-phase system being the simplest case. Many of the materials 
described by the term multiphase are two-phase systems that may show a multitude 
of finely dispersed phase domains. The term „two-component‟ is sometimes used to 
describe flows in which the phases consist of different chemical substances [1-3].  
Multiphase polymer systems in general include polymer blends, composites, 
nanocomposites, interpenetrating polymer networks, and polymer gels.  
As an important part of multiphase polymer systems, polymer composites comprise 
various (non-gaseous) phase domains in which at least one type of phase domain is a 
polymer that is called „continuous phase‟ and another type of them is filler that is 
referred „reinforcement‟. If the filler has at least one dimension of the order of 
nanometers, the material is mentioned as „polymer nanocomposite‟ [4, 5].  
Polymer nanocomposites are of major interest, especially when a combination of 
properties that can not be obtained in a single material is required. Until the 1970s, 
mixing of the components was mainly performed on a micro-scale; it was only three 
decades ago that technological advances allowed decreasing the size of various filler 
2 
materials down to a nano-scale. Therefore, the term “nanocomposite” was 
introduced. Since then, nanocomposite materials have become a rapidly expanding 
area of research, which encompass an infinite variety of systems with potentially 
novel material properties. Nanocomposite materials have become increasingly 
important due to their extraordinary properties, which arise from the synergism 
between the properties of the parent components and their unique interfacial 
characteristics. These properties appear to be quite different from those of the 
conventional micro-scaled composites. This mainly results from the nano-scaled 
component, which dramatically increases the available interacting surface area [6, 7].  
Although polymer nanocomposites have been investigated actively for the last 
several decades, until now only a limited understanding of the physicochemical 
phenomena, which are responsible for the ultimate properties of these materials, have 
been obtained. The properties of a nanocomposite material are not simply the 
average properties of its components. On the contrary, these materials are complex 
and their properties depend on both the volume fractions of the components and their 
(individual) properties, such as size, shape, distribution, interfacial interactions, etc. 
Therefore, the study of nanocomposite materials requires a multidisciplinary 
approach, which involves novel physical and chemical techniques [8]. 
As a special type of polymer nanocomposites, elastomeric nanocomposites are 
widely used because of their lightweight, design flexibility, and processability. 
However, these nanocomposites exhibit less attractive mechanical properties such as 
low strength and low elastic modulus as compared to metals, ceramics and other type 
of nanocomposites. Fillers change one or more of these properties: optical properties 
and color; improve surface characteristics and dimensional stability; change thermal, 
magnetic, and electrical properties; improve mechanical properties, durability, and 
rheology; affect chemical reactivity, biodegradability, etc.  
Although the mechanical and physical properties of the composite are mostly 
dominated by the nature of the filler, whereas the polymer matrix determines the 
environmental characteristics of the nanocomposite, thermoplastic elastomer based 
nanocomposites can be dominated by the chemistry of the matrix, due to their 
multiple different segment structure and properties [9-11]. As mentioned above, 
rubber-like materials consist of relatively long polymeric chains having a high degree 
of flexibility and mobility, which are joined into a network structure.  
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The flexibility and mobility allow for a very high deformability. When subjected to 
external stresses, the long chains may alter their configuration rather rapidly because 
of the high chain mobility. When the chains are linked to a network structure, the 
system has solid-like features, where the chains are prevented from flowing relative 
to each other under external stresses [12, 13].  
The network is obtained by the linking of polymer chains together, and this linkage 
may be either chemical or physical. Physical linking can be obtained by the 
absorption of chains onto the surface of finely divided particulate fillers, the 
formation of small crystallites, coalescence of ionic centers and coalescence of 
glassy blokcs. These physical crosslinks are, in general, not permanent and may 
disappear on swelling or increase in temperature. Physical, thermoreversible 
networks are present in most thermoplastic elastomers (TPEs) [15].  
Materials of this kind are technologically very attractive because they can be 
processed as thermoplastics; yet they exhibit the behavior of rubber vulcanizates, 
when cooled down to a sufficiently low temperature. As a result, a typical 
thermoplastic elastomer based material may be stretched up to 10 times its original 
length. On removal of the external forces, it is rapidly restored to its original 
dimensions, with essentially no residual or non-recoverable strain. When ordinary 
solids, such as crystalline or glassy materials, are subjected to external forces, the 
distance between two atoms may be altered by only a few angstroms for the 
deformation to be recoverable. At higher deformations, such materials either flow or 
fracture.  
The response of rubber is entirely intramolecular, that is, the externally applied 
forces are transmitted to the long chains through the linkages at their extremities, 
change their conformations, and each chain acts like an individual spring in response 
to the external forces [14-16].  
Shortly, the materials with thermoreversible crosslinks can be processed as 
thermoplastics and that they exhibit elastic behavior similar to that of vulcanized 
(chemically crosslinked) conventional elastomers. Such materials represent a large 
group of polymers called thermoplastic elastomers.  
Most TPEs are essentially phase-separated systems. Usually, one phase is hard and 
solid at ambient temperature whereas the other is an elastomer. Often, the phases are 
4 
bonded chemically by block or graft polymerization. In other cases a fine dispersion 
of the phases is apparently sufficient [16]. The hard phase gives these TPEs their 
strength and represents the physical crosslinks. Without it the elastomer phase would 
be free to flow under stress and the polymer would be practically unusable.  
On the other hand, the elastomer phase provides flexibility and elasticity to the 
system. When the hard phase is melted or dissolved in a solvent, the material can 
flow and can be processed by usual processing methods. Upon cooling or 
evaporation of the solvent, the hard phase solidifies and the material regains its 
strength and elasticity. The individual polymers constituting the respective phases 
retain most of their characteristics so that each phase exhibits its specific glass 
transition temperature (Tg) or crystalline melting temperature (Tm). These two 
temperatures determine the points at which the particular elastomer goes through 
transitions in its physical properties. In order to develop superior mechanical 
properties in a two-component polymer system, the components should be neither so 
incompatible that they do not wet nor so mutually soluble that would they form one 
homogeneous phase [15-17].  
Most of the currently known systems are compatible to the extent that a slight degree 
of mixing takes place or interfacial bonding is developed directly, such as in grafts or 
blocks [18]. Polymer incompatibility arises from the very small entropy gained by 
mixing different kinds of long chains. In fact, in the limit of high molecular weight, 
only polymer pairs with zero or negative heats of mixing form one phase.  
Generally, materials mix to form a single-phase system if the free energy of mixing 
(ΔGm) is favorable, that is, negative. As shown in Eq. 1.1, this free energy can be 
expressed in terms of enthalpy of mixing (ΔHm) and entropy of mixing (ΔSm) where 
T is the absolute temperature. 
ΔGm=ΔHm-TΔSm  (1.1) 
The condition for domain formation (i.e., phase separation) is a positive value of the 
free energy of mixing. Thus, ΔHm for hydrocarbon polymers is almost always 
positive because there are no strongly interacting groups and increases as the 
structures of the two polymers forming the segments become less alike [19]. T and  
ΔSm will always be positive and therefore the term –TΔSm will always be negative 
5 
and that means ΔHm ˃ TΔSm. However, this term will approach zero as the molecular 
weights of the segments become large and/or as the temperature decreases.  
The conditions favoring the phase separation (or domain formation) will be segments 
with highly different structures, segments with high molecular weight and low 
temperature. The microphase separation in block copolymers gives rise to formation 
of different types of microdomains in the solid state, including spherical, cylindrical, 
lamellar, and others [16-18]. In this study, we mainly focused on the thermoplastic 
polyurethane as a micro-phase separated polymer system, and explained the nature 
and properties of these materials in the following part. 
1.1 Thermoplastic Polyurethane 
Polyurethanes are a broad class of polymers produced by the polyaddition reaction of 
a diisocyanate or a polymeric isocyanate with a polyol, in the presence of suitable 
catalysts and additives. Under the name of polyurethanes, a practically unlimited 
number of structures can be involved. The only necessary condition is in general 
reduced to the presence of the urethane group, (–NHCO−O–) on the macromolecular 
chain with a more or less frequency. The urethane group is usually formed by 
reaction between isocyanate and hydroxyl groups, although alternative routes such as 
from bischloroformates and amines are used in special cases.  
If in the case of other polymers the macromolecular structure can be displayed in 
general by the repetition of an only one simple structural unit, (usually well 
deducible even from the name of the polymer), in the case of polyurethanes the 
situation becomes more complicated. The polyurethane represents the first example 
of a polymer building by using the so called “tailoring” proceeding. In this technique 
which involves in general many more steps, molecular fragments of a high diversity 
of structures and dimensions are inserted on the same macromolecular chain [20, 21]. 
 Thermoplastic Polyurethane elastomers (TPUs) are formed typically by reacting 
together three chemical constituents: a diisocyanate (aromatic or aliphatic), a long-
chain diol (or “oligo-polyol”), and a small molecule chain-extender diol or a 
diamine. As shown in Figure 1.1, the resulting polymer may be considered a 
copolymer of the macrodiol and diisocyanate-chain extender sequences: termed the 
soft segment (SS) and hard segment (HS) respectively since the SS usually has its 
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glass transition below ambient temperature and the HS is frequently a relatively rigid 
aromatic molecule with the glass transition above ambient temperature.  
 
Figure 1.1: A typical structure of thermoplastic polyurethane 
The HS are built from alternating diisocyanate-chain extender sequences while the 
SS originate from the polyol. Because of rigidity and hydrogen bonding, the HS 
(either glassy or crystalline) are associated into hard domains acting as physical 
crosslinks and as filler particles within the rubbery SS matrix [20–23]. Due to the 
incompatibility (different polarity and chemical nature) between HS and SS, phase 
separation occurs in most TPUs. Figure 1.2 shows the schematic representation of 
the micro-phase separation in TPUs.  
The degree of phase separation and domain formation depends on the HS and SS 
nature and sizes, on the type of the diisocyanate and polyol employed to produce pre-
polymers, on the type of the chain extender, and on the molecular weight of the SS. It 
is also influenced by the hydrogen bond formation between the urethane linkages, by 
the manufacturing process, and reaction conditions [24]. Usually, microphase 
separation is incomplete and the HS and SS phases still contain certain amounts of 
the other segment.  
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Figure 1.2: Micro-phase separation in thermoplastic polyurethane 
The urethane groups link the HS and the flexible SS together by means of both 
covalent bonds and hydrogen bonds. They are usually arranged at the borderline 
between domains. Urethane groups are known for their ability to self-associate via 
hydrogen bonding as shown in Figure 1.3. They form linear hydrogen bonds, in 
either a parallel or an anti parallel fashion. Urethane can form infinite stacks of 
hydrogen bonded arrays. 
 
Figure 1.3: Hydrogen bonding interaction in polyether based TPUs 
Hydrogen bonding has a considerable effect on the kinetics of urethane group 
formation. Annealing favors stronger hydrogen bonds and increases the TPUs 
melting points as it determines a greater uniformity of the polymer network.  
TPUs elastomeric behaviour requires highly flexible chains, i.e. a low degree of 
intermolecular interaction, and the presence of crosslinks which prevent sliding of 
the chains against their neighbors causing plastic flow.  
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Physical crosslinking can be achieved through hydrogen bonding and hard domain 
formation while chemical crosslinking is introduced via tri- or multifunctional 
constituents. Once introduced, chemical crosslinks can not be easily destroyed by 
thermal treatment as it is the case with physical crosslinks, except in some special 
cases of labile chemical groups, producing an irreversible network. Therefore, 
physically crosslinked TPUs allow multiple melting or dissolution of the material 
which is of great practical importance [20-23].  
However, the TPUs mechanical properties are influenced not only by the HS 
fraction. In particular, since the diisocyanate is terminated at each end by urethane 
−NH−CO−O− linkages that are potentially able to hydrogen bond to 
corresponding groups on neighbouring molecules, mechanical properties will also 
depend on the extent to which this potential is realized. By changing the formulation, 
materials can be produced with properties ranging from soft elastomers to relatively 
hard reinforced rubbers. However, in contrast to the covalent crosslinks in 
conventional rubbers, the physical crosslinks provided by the HS microdomains in 
TPUs can be melted, allowing the materials to be moulded or extruded [20, 22]. 
TPUs offer a variety of advantages over conventional rubber-like materials, such as 
higher abrasion resistance, high elasticity across the entire hardness range, excellent 
low-temperature and impact strength, good flexibility over a wide temperature range, 
suitability for bonding and welding, lower quality control costs because of greater 
reproducibility, lower density and volume cost than conventional rubber compounds.  
The limitations of TPUs in comparison to other type of rubber-like materials include 
weak mechanical durability and lower toughness, but they can be compensated by 
the incorporation of nanoscaled fillers [23, 24]. 
1.2 Origins and Development of Thermoplastic Polyurethane 
Polyurethanes chemistry started in year 1937 at the I.G. Farben Laboratories, a 
subdivision of Bayer Corporation, in Leverkusen, Germany, where Heinrich Rinke 
first prepared 1,6-hexamethylene diisocyanate (HMDI) and Otto Bayer developed 
the diisocyanate polyaddition process. The basic idea was related to spinnable 
products made of HMDI and hexa-1,6-diamine (HDA) followed by the publication 
“A process for the production of polyurethanes and polyureas”. The team of 
9 
inventors consisted of Otto Bayer & al. The utilization of the polyaddition principle 
to produce polyurethanes from liquid diisocyanates and liquid polyether or polyester 
diols opened new perspectives, especially when compared to already existing plastics 
obtained by polymerizing olefins, or by polycondensation. Initial work before year 
1940 was focused on polyurethane fibers. In 1938, Heinrich Rinke produced a 
polymer based on octamethylene diisocyanate and 1,4-butanediol, which he called 
“polyurethane”. 
While most of the early work on polyurethanes was in the field of foams, it soon 
became apparent that these materials could be used as synthetic rubbers. The first 
polyurethane rubbers were prepared in Germany by Pinten (1940). These materials 
known as I-Gummi had high tensile strengths and abrasion resistance but low tear 
strength and poor low temperatature properties [18-20].  
The development of elastic polyurethanes began as a program to find a replacement 
for rubber during the days of World War II when polyurethanes were utilized as a 
replacement for rubber, which at the time was expensive and hard to obtain.  
In year 1950, Bayer et al systematically studied the formulations that led to the 
advent of the Vulkollan rubbers. These polyurethane elastomers showed many 
advantages over natural rubber in that they had higher abrasion resistance and tear 
strength, better resistance to oxygen ageing while displaying good flexibility and 
elasticity. However, these materials had the disadvantage of rapid breakdown in the 
presence of water and heat. B.F. Goodrich achieved the first commercial 
polyurethanes in Germany by Bayer-Fabenfabriken and in the US in the 1950‟s [20].  
In subsequent decades (starting year 1952 when polyisocyanates became 
commercially available), there were further developments. DuPont introduced the 
first commercially available polyether polyol, poly(tetramethylene ether) glycol, in 
1956 by polymerizing tetrahydrofuran. By the early 1960‟s, B.F. Goodrich produced 
Estane, while Mobay and Upjohn marketed Texin, and Pellethane respectively in the 
United States. Bayer and Elastogran marketed Desmopan and Elastollan respectively, 
in Europe. The polyurethane market started to develop in the 1970‟s. The production 
capacity for these products began to grow rapidly, and the industry became 
dominated by large chemical companies.  
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During the 1990‟s the business developed on a global basis and many of the 
applications became dominated by very large customers consuming increasing large 
volumes of products [20-24]. 
1.3 Role of Nanoparticles in TPU based Multicomponent Polymer System 
Although many types of fillers (e.g., fibers, whiskers, particulates, etc.) are widely 
used in the polyurethane industry, particulate fillers form a major share. Particulate 
fillers are broadly classified as reinforcing and non-reinforcing, depending on 
whether or not they enhance the performance characteristics of the final product. 
Fillers that only lead to small increases in viscosity of the compound and do not 
exhibit any reinforcing action are called non-reinforcing or inactive fillers (e.g., 
calcium silicate, chalk powder, etc.). These are often called extenders, and are used 
to reduce the production cost of polyurethane goods [25].  
Generally, powder minerals are used as fillers. The basic feature that distinguishes 
between non-reinforcing and reinforcing fillers is enhancement in performance 
characteristics such as the tensile strength, modulus, etc. of the nanocomposite. 
Reinforcement in an elastomeric material can be defined as the simultaneous increase 
in stiffness and resistance to fracture by the addition of filler [26–28].  
New-generation nano scaled fillers are challenging the domination of traditional 
fillers such as carbon blacks in the polymer industry. Nanoscaled fillers are dispersed 
as reinforcing phases in a polymeric matrix are emerging as a relatively new form of 
useful materials. 
Owing to the nanometer-size particles obtained by dispersion, these nanocomposites 
exhibit superior mechanical, thermal, optical, and dynamic mechanical properties at 
lower concentrations compared with either the pure polymer or conventional micron-
sized composites. Their unique properties stem from a combination of factors such as 
their high aspect ratio (length to diameter), surface area, and the molecular bonds 
formed between the nano-sized filler and the polymer during compounding. Fowkes 
and Gent have carried out theoretical investigations on the utility of nano-scaled 
fillers in elastomers [25–27]. Fowkes was the first researcher to report that when 
functional filler particles such as carbon blacks are dispersed in a rubber matrix,  
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the polymer wets, adheres to the surface, and is held by moderate intermolecular 
attractive forces and by surface tension.  
Huber and Heinrich [12, 28] presented detailed theoretical investigations concerning 
the hydrodynamic reinforcement contribution in elastomeric composites with rigid 
filler particles of fractal nature (carbon black and silica aggregates), spherical  
core–shell particles with a soft core and hard shell, spherical core–shell particles with 
a hard-core and soft-shell. In the context of carbonblack- filled elastomers, the 
contribution to reinforcement on small scales can be attributed to the complex 
structure of the branched filler aggregates, as well as to a strong surface polymer 
interaction, leading to the so-called bound rubber. Thus, the filler particles are coated 
with polymer chains, and the binding (physically or chemically) of elastomer chains 
to the surface of the filler particles significantly changes the elastic properties of the 
macroscopic material.  
On larger scales, the hydrodynamic aspect of the reinforcement dominates the 
physical picture. Hydrodynamic reinforcement of elastic systems plays a major role 
not only in carbon-black-filled elastomers, but also in composite systems with hard 
and soft inclusions. Finally, at macroscopic length scales, the existence of filler 
networking at medium and high filler volume fractions plays the dominate role. 
1.4 Design and Analysis of Parameters in TPU/Silica Based Multicomponent 
Polymer System  
To achieve high performance and commercial success for the TPU/Silica based 
multicomponent polymer system  and the availability of cost-effective nanofiller 
with proper inherent features, the analysis and optimization of the fabricating process 
is the first key factor to be considered. Design of experiment (DOE) is a well-
accepted statistical technique able to determine simultaneously the individual and 
interactive effects of many factors that could affect the output results in any design 
[29]. Experimental design can be used at the point of greatest leverage to reduce 
design costs by speeding up the design process, reducing late engineering design 
changes, and reducing product material and labor complexity. Designed experiments 
are also powerful tools to achieve manufacturing cost savings by minimizing process 
variation and reducing rework, scrap, and the need for inspection [29, 30]. Response 
surface methodology (RSM) is mathematical and statistical technique that widely 
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used for experimental modeling and analysis of problems in which a response of 
interest is influenced by several variables and response surface can be explored to 
determine optimum conditions [29-37]. It has the advantage of reducing the number 
of required experimental runs to generate statistically validated results [32].  
Beside, RSM also provides analysis of the interactions between variables than other 
experimental design methods. Therefore, utilizing RSM in optimization gives more 
accurate and complete data with a minimal number of experiments [29, 33].  
In this study, RSM with Box-Behnken Design (BBD) was used to investigate the 
effects of processing variables on the thermal and mechanical features of TPU/silica 
nanocomposites. The processing variables include: soft segment molecular weight, 
filler content and size. Significant parameters that affect the thermal and mechanical 
properties in terms of rigid amorphous fraction, percentage of soft segment 
crystallinity, tensile strength and elongation at break of TPU/silica nanocomposite 
will be determined. 
1.5 Purpose of The Study 
In this study, because of the advanced properties of thermoplastic polyurethane 
expressed in section 1.1, the primary aim is the control of parameters through 
synthesis of both nanoparticles and the polymer and the investigation of the 
mechanical and thermal properties of nano-silica filled TPUs having various chain 
structures to obtain durable composite films with enhanced tensile strength and 
reasonable elongations. 
Furthermore, the objective of thesis is the evaluation of the parameter effects by 
using response surface methodology in order to understand the polymer-filler 
interaction within the frame of soft and hard segments. 
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2. EXPERIMENTATION 
2.1 Materials 
In this study, as main polymer matrix, synthesized Poly (ethylene oxide) based 
thermoplastic polyurethanes (TPUs), with respectively ˂Mn˃ = 2000, 4600 and 8000 
g/mol soft segment molecular weight and 30 wt% hard segment ratio, were kindly 
supplied from Polymer Science and Technology Laboratories at Koc University. 
Furthermore, synthesized silica nanoparticles, with respectively 20, 100 and 180 nm 
particle size, were used as reinforcing filler that were kindly ensured from Advanced 
Composites and Polymer Processing Laboratories at Sabanci University.   
2.2 Preparation of TPU/Silica Nanocomposite Films 
To prepare the nanocomposite films, PEO-based TPU (%10 polymer by weight) and 
the silica solutions were mixed by a magnetic stirrer at room temperature for 96 
hours and then the suspensions were cast into Teflon molds.  
For the evaporation of solvents, the molds were kept in an air oven at 50 ˚C for 24h 
and then at 100 ˚C for 24h. Finally the nanocomposite films (0.3-0.5 mm), having 
various filler content and size in the polymer, were obtained.  
2.3 Characterization Techniques 
2.3.1 Fourier transform infrared spectrometer 
FTIR spectra were recorded by Thermo Scientific Nicolet iS10 FTIR Spectrometer 
with ATR (Attenuated Total Reflectance) apparatus. 
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2.3.2 Differential scanning calorimetry 
Thermal transitions of composite systems were analyzed by DSC 204 Phoenix 
Differential Scanning Calorimetry (Netzsch, Germany) between -160 and 80˚C, 
under N2 atmosphere and at a heating and cooling rate of 10 K/min. 
2.3.3 Universal testing machine 
Stress-strain tests were performed on an Instron model 4411 tester. Dog-bone 
specimens (ASTM D 1708) were punched out of the films. Tensile tests were 
performed with a crosshead speed of 25.0 mm/min (Lo= 24.0 mm). Tests were 
conducted at room temperature and for each polymer at least three specimens were 
tested. 
2.3.4. Field emission scanning electron microscopy 
Field-emission Scanning Electron Microscopy (FE-SEM) (SUPRA 35VP, LEO, 
Germany) were used to examine the morphologies of composite films. The films 
were fractured in liquid nitrogen and the fracture surfaces (cross-section) were coated 
with a thin layer of carbon prior to SEM examinations. 
2.3.5. Polarized optical microscopy 
Polarized Optical Microscopy (POM) (Nikon Eclipse ME 600 with Tokai Hit 
Olympus Thermoplate) were used to investigate the crystallization behavior of pure 
polymers. All measurements were performed under the polarized light in brightfield 
at various temperature. 
2.3.6. Atomic force microscopy 
Structural analysis of PEO based TPU/silica nanocomposite films on dip-coated mica 
substrates was also performed with Atomic Force Microscopy (AFM) Veeco 
Nanoscape IIIa Multimode SPM Tapping Mode, silicon probes, which have 42 N/m 
spring constant (Olympus, OMCL-AC160TS). 
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3. METHODOLOGY 
3.1 Design and Analysis of Experiments: Response Surface Methodology 
Investigation of the effect of the parameters on the results usually requires number of 
different trials which changes both with number of parameters or variables and their 
selected levels of interest. The projection and analyses of those runs/experiments 
were performed within the context of Response Surface Methodology. Response 
surfaces are used to approximate the numerical data as surrogate models which are 
usually low order polynomials. The three key steps of the methodology as noted in 
[36, 37] are following: 
3.1.1 Box-Behnken Design as a tool for fitting response surfaces 
Parameter or factor settings for the experimentation were pre-selected. The selection 
represents the design/parameter space so that the experimentation will yield adequate 
and reliable measurements/calculations of the response of interest. Throughout this 
work a class of rotatable or nearly rotatable second order designs based on three-
level incomplete factorial designs which is called Box-Behnken Designs (BBD) was 
considered for fitting response surfaces. For three factors, there are two different 
graphical representations as shown in Figure 3.1. 
 
Figure 3. 1: Graphical representations of BBD for three factors 
The number of experiments (N) required for the development of BBD is defined as 
shown in Eq. 3.1 where n is number of factors and C0 is the number of central points. 
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N=2n(n−1)+C0      (3.1) 
The BBD does not contain any points at vertices of the cubic region created by the 
upper and lower limits for each variable. Any variable within the design domain may 
be represented in the coded domain with the following conversion function as shown 
in Eq. 3.2 where xi represents the coded value of the design variable when it takes the 
value vi within the range of max(vi) and min(vi) [29-33].  
xi=
vi- max vi + min vi  /2
 max vi - min vi  /2
      (3.2) 
With that representation the minimum, middle and maximum values were coded as -
1,0,1 respectively and represented in Table 3.1. 
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Table 3.1. Coded factor levels for BBD of the three-variable system 
Run/Experiment Notation C M S 
1 8k_20%_100 1 1 0 
2 8k_10%_180 0 1 1 
3 5k_1%_180 -1 0 1 
4 8k_1%_100 -1 1 0 
5 2k_10%_180 0 -1 1 
6 5k_10%_100 0 0 0 
7 2k_1%_100 -1 -1 0 
8 5k_20%_20 1 0 -1 
9 2k_20%_100 1 -1 0 
10 2k_10%_20 0 -1 -1 
11 5k_20%_180 1 0 1 
12 5k_1%_20 -1 0 -1 
13 8k_10%_20 0 1 -1 
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3.1.2 Determination of parameter ranges 
In the course of the determination of parameter or factor ranges, the basis was to 
create a broad design space so that aimed surrogate models would be valid for a wide 
range of nanocomposite material that can be formed of synthesized thermoplastic 
polyurethane and nano-sized silica choices/combination.  
Once introduced, the thermal and mechanical features of the multicomponent 
polymer system can be dominated by the amount and the nature of nano-scaled filler. 
On the other hand, when a thermoplastic polyurethanes based multi-phase separated 
system is considered, soft segment molecular weight is an entirely important 
parameter due to the challenging effect on the chemical and structural aspects of 
thermoplastic polyurethane. 
From that perspective, the soft segment molecular weight, filler content and size 
were established as the main parameters. Table 3.2 display the range of the 
parameters and experimental design levels which were used in this study. 
Table 3.2. Experimental range and design level of the respective parameters 
Parameter Notation Unit 
Coded Domain 
-1 0 1 
Filler Content C wt% 1 10 20 
Soft Segment 
Molecular Weight 
M kDa 2 4.6 8 
Filler Size S nm 20 100 180 
3.1.3 Responses 
To investigate the effect of parameters on the thermal and mechanical behavior of 
TPU/silica nanocomposite systems, percent crystallinity of soft segment, rigid 
amoprhous fraction of  nanocomposite films, tensile strength and elongation at break 
were determined as thermal and mechanical responses, respectively. 
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3.1.3.1 Percent crystallinity of soft segment 
Crystallization in thermoplastic polyurethanes is the organization of different groups 
in a regular manner, in crystalline regions, which is another way to decrease the 
molecular flexibility and mobility of the polymeric chains [40]. Thermoplastic 
polyurethanes with crystalline regions are obtained from crystalline oligo-polyols 
which were used as soft segment.  
When a crystalline oligo-polyol based TPU/silica nanocomposites such as PEO 
based TPU/silica nanocomposites were considered, the percent crystallinity of soft 
segment is influenced by the level of parameters which were listed in Table 3.2. The 
effect of these variables on the percent crystallinity of soft segment were investigated 
by differential scanning calorimetry (DSC) analysis. The experimental values of the 
percent crystallinity were calculated by using the heat of fusion values which were 
determined from the area under the soft segment melting peak [38-41].  
3.1.3.2 Rigid amoprhous fraction 
Semicrystalline polymers have a metastable nanophase structure, where the various 
nanophases can be crystal, liquid, glass, or mesophase. This multi-level structure, 
which is determined by a competition among self-organization, crystallization, and 
vitrification, is established during material processing. Recent analyses revealed that 
an intermediate nanophase must be present at the interface between the crystals and 
the surrounding melt [38]. The intermediate nanophase is noncrystalline and arises 
from the continuation of the partially crystallized macromolecules across the phase 
boundaries, as the polymer molecules are much longer than the crystal nanophases. 
This nanophase, which includes portions of macromolecules whose mobility is 
hindered by the near crystalline structures, is generally named “rigid amorphous 
fraction” (RAF), its mobility being lower than that of the unstrained amorphous 
phase, which is usually addressed as “mobile amorphous fraction” (MAF).  
For semicrystalline polymers it is well known that the observed step in heat capacity, 
ΔCp, at the glass transition is often less than expected from crystallinity. Wunderlich 
et al. [38] therefore introduced the concept of a rigid amorphous fraction (RAF), as 
shown in Eq. 3.3. 
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RAF=1 - %Crystallinity – (ΔCp/ΔCp(pure)) (3.3) 
where ΔCp and ΔCp(pure) are the heat capacity increments at the glass transition for the 
semicrystalline and the amorphous polymer, respectively. The ratio of both step 
heights represents the fraction of the polymer contributing to the glass transition, 
which is called mobile amorphous fraction (MAF).  
For polymer nanocomposites sometimes a reduced step height, ΔCp at glass 
transition is observed too. An immobilized or rigid amorphous fraction can be 
determined from heat capacity according to Eq. 3.3 replacing the crystalline by the 
nanoparticle fraction as shown in Eq. 3.4 [38, 44]. Furthermore, Figure 3.2 shows the 
schematic illustration of the immobilization of  the  amorphous polymer chains 
around the silica nanoparticles. 
RAF=1 - %Filler Content – (ΔCp/ΔCp(pure)) (3.4) 
 
Figure 3. 2: Schematic representation of the rigid amorphous fraction 
On the other hand, the representative AFM image of silica filled PEO based TPU can 
be given as an experimental evidence of the rigid amorphous fraction. As it seen in 
Figure 3.3, the gradual color change would be a direct result of the immobilization.  
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Figure 3. 3: The immobilization of polymer in PEO based TPU/silica system. 
3.1.3.3 Tensile strength 
Tensile strength is the maximum tensile stress which a material is capable of 
developing. It is the force per unit of the original cross-sectional area which is 
applied at the time of rupture of a specimen. It is known variously as “breaking 
load”, “breaking stress” and “ultimate tensile strength”. Tensile stress, and tensile 
strength are both measured in units of force divided by units of area, usually N/mm
2
, 
or megapascals (MPa) [45].  
In TPU/silica nanocomposites, the stress is not linear with strain. The mobility of the 
polyol influences the TPU based nanocomposite properties as it results in low 
temperature properties and the variation in the tensile strength properties. Thus it is 
obvious that features related to the mobility of polyols, such as the glass transition 
temperature or the melting temperature and the ability to crystallize under 
deformation, certainly impacts the mechanical properties. The polymer mobility is 
strongly influenced by the type and the molecular weight of the polyol. 
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3.1.3.4 Elongation at break 
Elongation is the percentage increase in original length of an elastomer as a result of 
tensile force being applied to a TPU/silica nancomposite specimen. Usually we talk 
about percent elongation, which is the length the polymer sample after it is stretched 
(L), divided by the original length of the sample (L0), and then multiplied by 100. 
Ultimate elongation or elongation at break is the elongation at the point that the 
sample breaks [45].  
3.1.4. Regression analysis 
Regression analysis were performed using Design Expert 8.2 by Stat-Ease which 
also conducts appropriate statistical tests concerning parameters in the mathematical 
model that is RS approximation. The fundamentals of least square fitting procedure 
and response surface analysis can be found in dedicated sources [29]. A stepwise 
regression based on backward elimination method was performed where all of the 
responses were initially fit to a second order polynomial function (see Eq. 3.5) that 
was followed by the sequential elimination of “ least significant” factors, where are 
denoted as x1=C, x2=M and x3=S, determined by variance analysis.  
The significance level was determined to be 0.10 and each factor having a p-value 
higher than 0.10 was eliminated from the mathematical model. Approximated β 
parameters were obtained at the end of analysis. 
Y≈ β0 + β1x1 + β2x2 + β3x3 + β4x1x2 + β5x1x3 + β6x2x3 + β7x1
2
 + β8x2
2
 + β9x3
2
 (3.5) 
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4. RESULTS AND DISCUSSION 
4.1. Chemical Analysis of PEO based TPU/Silica Nanocomposites 
The importance of the parameters were clearly figured out by the FT-IR analyses.  
Figure 4.1 shows the major effect of the filler concentration in PEO based TPU/silica 
nanocomposite systems.  
The ether bond stretch appears at 1091 cm
-1
 in the spectra of the pure polymer having 
2 kDa soft segment molecular weight. As shown in Figure 4.1.a, by the addition of 
silica nanoparticles to this polymer, the ether peak shift to the lower energy side, and 
this shift becomes more significant by the increasing amount of the nanoparticles. It 
is obvious that the hydroxyl groups on the nanoparticles interact with the soft 
segment by forming hydrogen bonds. However, the interaction of the particles with 
the hard segment could not be realized by silica loading as an expected result since 
the micro phase separation could resist the interaction with the particles by 
intermolecular hydrogen bonding between the hard segments. As it is seen in Figure 
4.1.b, the change in the relative intensity of C=O urethane and urea stretching peaks 
indicates that the particles have tried to find place between the hard segments and 
forms hydrogen bonds by the hydroxyl groups on their surface.  
Furthermore, the filler size has a substantial effect on the FT-IR spectra of the pure 
polymers. As an illustration, Figure 4.2 shows the spectra of the polymer having  
5 kDa soft segment molecular weight and their nanocomposites that are filled 20 
wt% silica having three different filler sizes which were used in this study. 
Once introduced, the ether bond stretching peak shifts to lower energy side by the 
addition of silica nanoparticles to the polymer having 2 kDa soft segment molecular 
weight. This result is also valid for the other polymers that were used in this study. 
Representatively, the ether region in the spectra of the polymer having 5 kDa soft 
segment molecular weight was given in Figure 4.2.a. However the filler size effect 
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could not be realized in ether region, Figure 4.2.b shows that the silica nanoparticles 
with different particle size have a distractive effect on the C=O urethane and urea 
stretching peaks. Because of the hard segment-filler interaction could be more 
effectual by the change in filler size. 
 
 
A. 
 
B. 
Figure 4.1: FT-IR spectra of silica filled PEO 2kDa based TPU,  
  A)1300-1000(cm
-1
), B)1800-1600 (cm
-1
). 
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A. 
 
B. 
Figure 4.2: FT-IR spectra of PEO 5 kDa based TPU/silica nanocomposites having  
          different filler size, A) 1300-1000 (cm
-1
), B) 1800-1600 (cm
-1
). 
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4.2. Morphological Analysis of PEO based TPU/Silica Nanocomposites 
The silica particle distributions in the composite films were investigated by SEM 
analysis. As shown in Figure 4.3, 4.4 and 4.5 selectively, the particle distribution is 
quite good in all of the nanocomposites. This result implies that all the properties, 
particularly the mechanical ones, of the composite films would be a direct result of 
polymer-filler interaction since aglomeration is not an issue in this case. 
 
A.  
 
B. 
Figure 4.3: SEM Images of PEO 2 kDa based TPU/silica nanocomposites having 
          different filler concentration at the same filler size. A) 2k_1%_100,  
          B) 2k_%20_100. 
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A. 
 
B. 
Figure 4.4: SEM images of PEO 5 kDa based TPU/silica nanocomposites having 
          different filler size at the same filler concentration, A) 5k_20%_20,  
          B) 5k_20%_180. 
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A.  
 
B. 
Figure 4.5: SEM images of PEO 8 kDa based TPU/silica nanocomposites having 
          various filler size and concentration, A) 8k_1%_100, B) 8k_10%_180. 
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4.3 Thermal Analysis of PEO based TPU/Silica Nanocomposites 
To understand the variables how to effect on the PEO based TPU/silica 
nanocomposite system, the thermal properties must be known for each pure polymer 
having different soft segment molecular weight. Table 4.1 shows the thermal 
properties of pure polymers which have determined by differential scanning 
calorimetry (DSC). 
Table 4.1 Thermal properties of pure polymers 
Polymer 
Tg  
(˚C) 
ΔCp at Tg 
(J/gK) 
Tm  
(˚C) 
ΔHf  
(J/gp) 
SS crystallinity 
(%) 
RAF 
2 kDa based TPU -57.6 0.291 24.7 32.7 16.6 0.361 
 5 kDa based TPU -55.6 0.018 43.1 40.6 20.8 0.763 
8 kDa based TPU -57.7 0.024 50.2 47.5 24.1 0.720 
As reported in Table 4.1, there is no significant change in the glass transition 
temperature (Tg) for the pure polymers having three different soft segment molecular 
weight. However that indicates an identical mobility in the polymer chain, the 
percentage of the mobile amorphous chain is different because of the specific heat 
capacity change at glass transition temperature are fairly lower in the polymers 
having higher soft segment molecular weight. Therefore, the increase in the rigid 
amorphous fraction, which is defined as the immobilized interfacial fraction of the 
polymer between the crystalline and mobile amorphous phases, is clearly higher in 
the polymer having higher soft segment molecular weight. This result indicates that, 
as a primary mission, the flexibility of the soft segment is quitly affected by the soft 
segment molecular weight. Also, the soft segment crystallinity is increased by 
increasing soft segment molecular weight. Actually, this result is expected but when 
the melting point of the soft segment is considered, it is surprisingly increased by 
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increasing soft segment molecular weight. Because of that would be a direct result of 
the formational change of the soft segment crystals. Figure 4.6 shows the polarized 
optical microscopy images of the pure polymers having different soft segment 
molecular weight at room temperature under the polarized light in brightfield. In 
addition, Figure 4.7 shows the melting behavior of the crystals in PEO 8 kDa based 
TPU at various temperature under the polarized light in brightfield. The observations 
of the polarized optical microscopy analysis are in accordance with the differential 
scanning calorimetry results that reported in Table 4.1.  
 
A. 
   
B.                                                                   C.  
Figure 4.6: Polarized optical microscopy images of  pure TPUs at room temperature 
         under the polarized light in brightfield, A) PEO 2 kDa based TPU,  
         B) PEO 5 kDa based TPU, C) PEO 8 kDa based TPU. 
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RT                                                                   30 ˚C 
   
35 ˚C                                                              40 ˚C
   
45 ˚C                                                              50 ˚C 
Figure 4.7: POM images of PEO 8 kDa based TPU at various temperature under the 
         polarized light in brightfield. 
Furthermore, the thermal properties of the nanocomposite films which were used in 
this study have reported in Table 4.2. Although the silica nanoparticles do not have 
an exclusive effect on the glass transition temperature at various filler content and 
size, the particular thermal properties of TPU/silica nanocomposites are influenced 
by the addition of silica nanoparticles. 
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Table 4.2. Thermal properties of the nanocomposites which were used in this study. 
Notation Tg  
(˚C) 
ΔCp at Tg 
(J/gK) 
 
Tm  
(˚C) 
ΔHf 
(J/gp) 
SS Crystallinity 
(%) 
 
RAF 
8k_20%_100 -55.9 0.023 39.1 10.1 6.4 0.762 
8k_10%_180 -58.3 0.034 48.5 29.7 16.8 0.845 
5k_1%_180 -56.0 0.059 40.8 42.9 22 0.894 
8k_1%_100 -52.5 0.020 46.6 44.2 22.6 0.957 
2k_10%_180 -55.9 0.231 30.2 25.4 14.3 0.524 
5k_10%_100 -56.2 0.031 41.6 29.6 16.7 0.849 
2k_1%_100 -56.1 0.300 28.1 29.3 15.0 0.502 
5k_20%_20 -59.9 0.071 34.9 21.5 13.7 0.684 
2k_20%_100 -57.4 0.239 25.0 17.8 11.3 0.411 
2k_10%_20 -57.9 0.311 26.4 20.5 11.6 0.394 
5k_20%_180 -55.8 0.032 41.7 31.4 20.0 0.747 
5k_1%_20 -58.6 0.052 42.5 45.5 23.4 0.905 
8k_10%_20 -59.4 0.034 45.0 20.9 11.8 0.845 
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4.3.1 Model fit quality and parameter effects on the  SS crystallinity 
The soft segment crystallinity values were calculated by using Eq. 4.1 where ΔHf is 
the heat of fusion of the soft segment (PEO) and ΔHf
0
 is the latent heat of fusion of 
PEO that is noted as 197 J/g in ATHAS [38]. 
%Crystallinity = (ΔHf / ΔHf
0
) x 100 (4.1) 
Prediction accuracy of the surrogates can evaluated by the comparison of actual and 
predicted values of the soft segment crystallinity at different critical points. For %SS 
crystallinity, the prediction results were in good agreement with the actual data as 
shown in Figure 4.8. Actual vs. prediction plots suggested that the model fit quality 
was good (R
2
=0.94).  
 
Figure 4.8: Actual vs prediction plot for %SS crystallinity. 
The second-order polynomial equation in an uncoded form illustrates the relationship 
of the three variables, which was established to explain their effects on the soft 
segment crystallinity. The polynomial model for the soft segment crystallinity is 
regressed in the following formula in terms of uncoded factors (see Eq. 4.2). 
Y1= 19.2 – 4C + 0.7M + 1.6S – 3.1CM + 1.9CS – 5.4M
2
 (4.2) 
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In accordance with this formula, when the individual effects of parameter is 
considered, the soft segment crystallinity is increased by the decrease in filler content 
and the increase in filler size and soft segment molecular weight. Furthermore, the 
filler content is the most effective parameter with respect to the F-value (40.7) which 
is reported in Appendix A. 
On the other hand, according to formula, the filler content have an interactive effect 
with the soft segment molecular weight and the filler size on the soft segment 
crystallinity respectively. In order to understand the interactive effects of parameter, 
the contour plots are presented in Figure 4.9 and 4.10.  
 
Figure 4.9: The contour plot represents that the interactive effect of filler content 
          and soft segment molecular weight on the soft segment crystallinity. 
From this perspective, however the soft segment molecular weight can only 
dominate the soft segment crystallinity at lower filler concentration. Nevertheless, 
this effect no longer valid after relatively high filler loading and the soft segment 
could not be crystallized because of the silica nanoparticles act as a driving force to 
the immobilization of the soft segment instead of the crystallization.  
In addition, the filler size can be evaluated in a similar manner with soft segment 
molecular weight due to the size effect can only realize at relatively low filler 
concentration.  
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Figure 4.10: The contour plot represents that the interactive effect of filler content 
            and size on the soft segment crystallinity. 
4.3.2 Model fit quality and parameter effects on the RAF 
The calculation of the rigid amoprhous fraction of the soft segment was performed 
by using Eq. 3.4. The ΔCp at Tg values were determined by the differential scanning 
calorimetry analysis and the ΔCp(pure) that is denoted as 0.615 J/gK in ATHAS [38]. 
Prediction accuracy of the surrogates can evaluated by the comparison of actual and 
predicted values of the rigid amoprhous fraction at critical points. As shown in 
Figure 4.11, the prediction results were in fairly good agreement with the actual data 
for rigid amoprhous fraction of the soft segment. Actual vs. prediction plots 
suggested that the model fit quality was quitly good (R
2
=0.99). Furthermore, The 
polynomial model for the rigid amoprhous fraction is regressed in the following 
formula in terms of uncoded factors (see Eq. 4.3). 
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Figure 4.11: Actual vs prediction plot for rigid amorphous fraction. 
 
Y2= 0.82 + 0.082C + 0.2M + 0.023S – 0.026CM – 0.033CS – 0.16M
2
 (4.3) 
With respect to this formula, by increasing filler content, size and soft segment 
molecular weight, the rigid amorphous fraction is increased due to that the 
immobilization of the soft segment would be a direct result of the individual effect of 
these parameters. In addition, the soft segment molecular weight is the most effective 
parameter according to the F-Test. The F-value of the soft segment molecular weight 
is 409.2. However this result indicates that the soft segment molecular weight clearly 
dominates the system, the filler content has a major effect on the rigid amorphous 
fraction because of the F-value is 70.3. In addition, the interactive effect of the soft 
segment molecular weight and the filler content is in disagreement with the 
individual effects of these parameters. This result is quitly important because of that 
the soft segment flexibility can be optimized by the interpretation of the contour plot 
of the soft segment molecular weight and filler content. Figure 4.12 shows the 
contour plot of these interactive parameters. 
In the minimum level of the soft segment molecular weight, the rigid amorphous 
fraction is increased by increasing filler content, although the soft segment molecular 
weight has stronger effect at relatively low filler concentration. 
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Figure 4.12: The contour plot represents that the interactive effect of the filler 
content and soft segment molecular weight on RAF. 
The change of the rigid amorphous fraction is consistent with the evolution of the 
soft segment crystallinity. As a dominant parameter, the filler content is inversely 
proportional with soft segment crystallinity, while it is well proportioned with the 
rigid amorphous fraction due to that the filler content would be a direct reason of the 
immobilization of the soft segment in TPU/silica nanocomposites. On the other hand, 
soft segment molecular weight and filler size are well proportioned with the soft 
segment crystallinity and the rigid amorphous fraction and can only be more 
effective at particular filler concentration. 
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4.4 Mechanical Analysis of PEO Based TPU/Silica Nanocomposites 
In order to explain the parameter effects on the mechanical properties of TPU/silica 
nanocomposites, the mechanical analysis was performed for pure polymers as a 
control. Table 4.3 shows the mechanical responses of pure polymers which have 
determined by stress-strain tests in universal testing machine (UTM). 
Table 4.3. Mechanical properties of pure polymers 
Polymer TS (MPa) E (%) 
2 kDa based TPU 26.2 1642 
5 kDa based TPU 28.4 854 
8 kDa based TPU 37.7 914 
 
As reported in Table 4.3, the tensile strength is increased by the increase in the soft 
segment molecular weight. In addition, the elongation is relatively low in the 
polymers having higher soft segment molecular weight in comparison to the lower 
one due to that the crystallized and immobilized amorphous fraction of the soft 
segment is higher than the one with low soft segment molecular weight.  
On the other hand, the mechanical properties of the materials that were used in this 
study have reported in Table 4.4. The interpretation of the mechanical responses was 
detailed in the following part with respect to analysis of variance. 
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Table 4.4. Mechanical properties of nanocomposites that were used in this study. 
Notation TS (MPa) E (%) 
8k_20%_100 39 840 
8k_10%_180 21.2 266 
5k_1%_180 21.5 986 
8k_1%_100 37.1 560 
2k_10%_180 25.3 2005 
5k_10%_100 24.5 817 
2k_1%_100 32.4 1266 
5k_20%_20 31.2 861 
2k_20%_100 46 1033 
2k_10%_20 18 1665 
5k_20%_180 24.6 856 
5k_1%_20 23.5 1098 
8k_10%_20 34.5 914 
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4.4.1 Model fit quality and parameter effects on the tensile strength 
Tensile strength may be considered as the most important response for the polymer 
based nanocomposites. Therefore, the prediction accuracy of the surrogate model 
must be evaluated by the comparison of actual and predicted values of the tensile 
strength at critical points as shown in Figure 4.13. The prediction results were in 
quite good agreement with the actual data for the tensile strenght of TPU/silica 
nanocomposites that means the model fit quality was quitly good (R
2
=0.96).  
 
Figure 4.13: Actual vs prediction plot for tensile strength. 
The second-order polynomial model in an uncoded form for the tensile strength is 
regressed in Eq. 4.4.  
Y3= 24.5 + 3.3C + 1.3M – 1.8S – 2.9CM – 5.2MS + 7.3C
2
 + 6.8M
2
 – 6.6S2 (4.4) 
According to Equation 4.4, when the individual effects of parameter is considered, 
the tensile strength in increased by increasing filler content and soft segment 
molecular weight, and decreasing filler size.  
Furthermore, the soft segment molecular weight particularly has an interactive effect 
with the filler content and size and the tensile strength can be decreased by the 
increase in these interactive forces. In order to analyse the interactive media, the 
contour plots were presented in Figure 4.14 and 4.15, respectively.   
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Figure 4.14: The contour plot represent that the interactive effect of filler content 
            and soft segment molecular weight on the tensile strength. 
 
Figure 4.15: The contour plot represent that the interactive effect of soft segment 
            molecular weight and filler size on the tensile strength. 
In accordance with the contour plots, as a primary goal of the study, in order to 
obtain maximum tensile strength, the filler content should be maximized while the 
filler size are in range for each soft segment molecular weight. Because of the 
polymer-filler interaction is obvious at relatively high filler concentration, as 
observed in FT-IR spectra (see Figure 4.1).  
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In addition, the homogeneous particle distribution would be a direct evident of the 
polymer-filler interaction since the agglomeration is not an issue in SEM images of 
all nanocomposites (see Figure 4.3, 4.4 and 4.5). 
4.4.2 Model fit quality and parameter effects on the elongation at break 
To cover the advanced properties of TPU/silica nanocomposites, elongation must be 
conserved in highly filled materials. Thus, the prediction accuracy of the surrogate 
model must be figured out by the comparison of actual and predicted values of the 
percent elongation at critical points as shown in Figure 4.16. The prediction results 
were in good agreement with the actual data for the percent elongation of TPU/silica 
nanocomposites that indicates the model adequacy was well enough. (R
2
=0.91). 
 
Figure 4.16: Actual vs predicted plot for elongation at break. 
The polynomial model for the elongation at break is presented in Eq. 4.5 (in terms of 
uncoded factors).  
Y4= 729 – 424M – 53.1S – 247MS + 218M
2
 + 243S
2
      (4.5) 
With regard to the equation 4.5, the percentage of elongation at break is decreased by 
increasing soft segment molecular weight and filler size. and the soft segment 
molecular weight is the most effective parameter on the percent elongation  
(F-value = 53.3, see Appendix A).  
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Because of that by the increasing soft segment molecular weight, the percent 
crystallinity and the rigid amorphous fraction of soft segment are increased in 
TPU/silica nanocomposites. Therefore, the decrease in the mobile amorphous 
fraction (non-immobilized) of soft segment would be a direct reason of the decrease 
in elongation at break. In addition, Figure 4.17 shows the interactive effect of the soft 
segment molecular weight and filler size by the representation of the counter plot. In 
accordance with the plot, the percent elongation is decreased by the increase in both 
soft segment molecular and filler size at the same time. 
 
Figure 4.17: The contour plot represents that the interactive effect of the soft 
             segment molecular weight and filler size on the elongation at break. 
Nevertheless, the vital point in this formula, the filler content has no significant 
effect on the percentage of elongation at break. Although the soft segment is forced 
to immobilize by increasing filler content, due to the identical mobility of the flexible 
chains of soft segment, the percent elongation can be covered in TPU/silica systems.  
The flexibility of the mobile chains in the soft segment can be more restricted by the 
polymer crystals in comparison to the silica nanoparticles. Because of the change in 
the formation of the crystals, as observed from the increase in their melting point  
(see Table 4.1) and the optical microscopy images (see Figure 4.6), is driven by 
increasing soft segment molecular weight.  
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The immobilized amorphous fraction around the crystals could not easily move due 
to their packed structure, particularly in the polymer having higher soft segment 
molecular weight. When the immobilization of the polymer chains the soft segment 
on the silica surfaces is considered, the hydrogen bonds between the polymer and 
silica nanoparticles can easily broken and the rigid (immobilized) polymer chains can 
devitrify in the soft segment during deformation. Thus, the mobile amorphous 
fraction of the soft segment increases and the material can easily be stretched up to 
ten times it original length. 
4.5. General Consideration 
To summarize the parameter effects, non-zero coefficients (βs) were reported in 
Table 4.5. Furthermore, the physical meaning of the interactive effects of parameters 
was expressed to emphasize the model sensitivity in Table 4.6. In accordance with 
the results, most of surrogates are sensitive to the interaction between the parameters, 
which is also established from the experiments. In other words, the model is adequate 
to optimize the TPU/silica nanocomposite system by understanding the physical 
sense of the interactive effects of parameters. 
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Table 4.5. Non-zero coefficients βs determined by the regression analysis. 
Response 
 β0 
(Intercept) 
 β1 (C)  β2 (M)  β3 (S)  β4 (CxM)  β5 (CxS)  β6 (MxS)  β7 (C
2
)  β8 (M
2
) β9 (S
2
) 
Y1 19.2 -4 +0.7 +1.6 -3.1 +1.9   -5.4  
Y2 0.82 +0.082 +0.2 +0.023 -0.026  -0.033  -0.16  
Y3 24.5 +3.3 +1.3 -1.8 -2.9  -5.2 +7.3 +6.8 -6.6 
Y4 728.7  -423.6 -53.1   -24.7  +218 +243 
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Table 4.6. General consideration about the interactive parameters. 
Response 
β4  
(CxM) 
β5  
(CxS) 
β6  
(MxS) 
Consideration 
Y1 -3.1 +1.9  
While the filler content and size decreases, the percent crystallinity of soft segment increases by 
increasing soft segment molecular weight. Because of the soft segment molecular weight has an 
ascendant effect on the soft segment crystallinity at relatively low filler content and size. 
Y2 -0.026  -0.033 
While the soft segment molecular weight decreases, the rigid amorphous fraction (RAF) decreases by 
increasing filler content and size. In addition, the RAF increases by increasing soft segment molecular 
weight at relatively low filler content and size due to its effect on the percent soft segment crystallinity. 
Y3 -2.9  -5.2 
While the filler content and size decreases, tensile strength decreases by increasing soft segment 
molecular weight. Because of the rigid amorphous fraction becomes more restrictive by increasing soft 
segment molecular weight. Furthermore, the filler is the ultimate source for the tensile strength. 
Y4   -24.7 
While the filler size decreases, percent elongation decreases by increasing soft segment molecular 
weight. Because of the formation of polymer crystals is driven by soft segment molecular weight.  
In addition, it is forced to immobilize the amorphous part of the soft segment. 
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5. CONCLUSION 
Firstly, polymer filler interaction was clearly observed by FT-IR analysis as a vital 
point for TPU/silica nanocomposites. In addition, these observations were supported 
by the homogeneous filler distribution, which was established by SEM analysis. 
Afterwards, by applying the Box-Behnken Design (BBD) method, an effective 
approach for process parameter analysis in the production of TPU/silica 
nanocomposites with a minimal number of experimental runs has been reported in 
this study. The conclusions of the present study are as follows: 
 The surrogate models were achieved by using the regression analysis for 
various responses namely percent soft segment crystallinity, rigid amorphous 
fraction of soft segment, tensile strength and elongation at break. 
 The analysis of variance (ANOVA) results reveal that the thermal and 
mechanical properties of PEO-based TPU/silica nanocomposite films having 
homogeneous filler distribution can be enhanced by understanding the 
individual and interactive effects of parameters. 
 In accordance with the ANOVA results, the individual effects of selected 
parameters namely soft segment molecular weight, filler content and size 
were particularly justified by experimental studies.  
 Furthermore, the experimental results have clarified the interactive effects of 
parameters to emphasize the model sensitivity that indicates the BBD method 
is favourable for the optimization in PEO-based TPU/silica nanocomposite 
systems. 
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APPENDICES 
APPENDIX A: Circumstantial Expression of ANOVA 
 
Table A.1. ANOVA results for soft segment crystallinity 
Source 
Sum  
of Squares 
Mean Square F-value 
p-value   
Prob ˃ F 
Model 293.0 48.8 15.9 0.0019 
C 125.1 125.1 40.7 0.0007 
M 3.6 3.6 1.2 0.3202 
S 19.9 19.9 6.5 0.0439 
CM 38.9 38.9 12.7 0.0119 
CS 14.8 14.8 4.8 0.0704 
M
2 90.8 90.8 29.6 0.0016 
Residual 18.4 3.07   
 
Table A.2. ANOVA results for rigid amorphous fraction 
Source 
 Sum  
of Squares 
Mean Square F-value 
p-value  Prob 
˃ F 
Model 0.46 0.076 99.8 ˂0.0001 
C 0.053 0.053 70.3 0.0002 
M 0.31 0.31 409.2 ˂0.0001 
S 4.140E-003
 
4.140E-0.03
 
5.4 0.0584 
CM 2.704E-003
 
2.740E-0.03
 
3.6 0.1083 
MS 4.225E-003
 
4.225E-0.03
 
5.6 0.0565 
M
2
 0.08 0.08 104.6 ˂0.0001 
Residual 4.564E-003
 
7.607E-0.04
 
  
 
Table A.3. ANOVA results for tensile strength 
Source 
 Sum  
of Squares 
Mean Square F-value 
p-value   
Prob ˃ F 
Model 786.7 98.3 11.0 0.0174 
C 86.5 86.5 9.6 0.0361 
M 12.8 12.8 1.4 0.2992 
S 26.7 26.7 3.0 0.1600 
CM 34.2 34.2 3.8 0.1226 
MS 106.1 106.1 11.8 0.0263 
C
2
 121.4 121.4 13.5 0.0213 
M
2
 106.9 106.9 11.9 0.0260 
S
2
 99.2 99.2 11.1 0.0293 
Residual 35.9 9.0   
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Table A.4. ANOVA results for elongation at break 
Source 
  Sum  
of Squares 
Mean Square F-value 
p-value   
Prob ˃ F 
Model 1.933E+006
 
3.866E+005 6.2 0.0166 
M 1.436E+006 1.436E+006 23.0 0.0020 
S 22578.1 22578.1 0.4 0.5668 
MS 2.440E+005 2.440E+005 4.0 0.0887 
M
2 1.332E+005 1.332E+005 2.1 0.1877 
S
2 1.662E+005 1.662E+005 2.7 0.1470 
Residual 4.375E+0.05 62498.48   
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